We report on three-dimensional (3D) holographic recording in As253 glass using 800 nm wavelength, 150 fs duration pulses. Diffractive beam splitter was used to generate 2 -5 beams which were then focused for recording by objective lens of numerical aperture NA = 0.75. The recorded 3D hologram was read out by diffraction of 632 nm HeNe laser beam confirming the expected pattern of holograms. The mechanism of photo-darkening and optical damaging of As253 glass and dielectrics in general is discussed. Two-photon absorption cross-section, U2 74.6 x 10-50 cm4/s, was determined by transmission for pulses of 150 fs and 800 nm wavelength. Also, it is demonstrated that the optical damage threshold scales as the bandgap energy for the fluorides. Nano-/ micro-structuring of As2S3 glass by ablation in air will be also demonstrated. High fluence ( > 5 J/cm2) irradiation of the 800 nm wavelength, 150 fs duration pulses was used to ablate As253 glass. Self-organized growth of the fibers, rods, and microsphere-type structures was observed. Composition of the nano-/micro-structured material was close to that of the source As253 glass (with up to 20% surplus of sulphur in nano-rods). Straight rods as thin as 20 nm in diameter and over 1 tim-long were obtained. Application potential of nano-/microstructured As253 glass is discussed.
INTRODUCTION
The field of photonics has been of ever-growing importance in recent decades, matching even the progress in microelectronics and approaching its 2 One of the main issues in photonic applications concerns the spectral and spatial manipulation of light. Both tasks are usually accomplished by a grating, which is recorded holographically in an appropriate photosensitive medium, such as crystalline liquid 56 or photo-thermo-refractive (PTR) glass.7
The aim of present work was: (i) to record holographically a three-dimensional (3D) structure inside a As2 53 glass using multi-beam interference pattern and (ii) to fabricate nano-structures from As253 by ablation.
EXPERIMENTAL 2.1. Holographic Recording by fs-Pulses
An optical setup used for recording of the multi-beams interference patterns is described in details elsewhere. 8 Briefly, it is based on a diffractive beam splitter (DBS), which divide input laser beam into several. Selected beams are collected to the sample by two lenses. The lens, which was focused beams into sample was a dry objective lens Olympus Upo with 20>< magnification and numerical aperture of NA = 0.75. Since the optical paths of the divided beams are the same within the pulse length, a temporal overlap of the split pulses is achieved at focus automatically. As for a spatial overlap, there is an additional advantage to use the diffracted pulses instead of those obtained by a beam-splitter division.9 An overlap of two split pulses is determined by their longitudinal dimension, l = c, which is about 30 m for a 100 fs pulse. Hence, the width of the spatial overlap is w = c'r/sin(eajr) for 2-beam interference, where eair is the angle between the central axis and the beams in air. For diffracted pulses the wave front is not perpendicular to the direction of propagation and w = d/ cos(eajr), where d is the cross-section diameter of the beam. Thus, sub-mm-scale patterns can be routinely produced using even a tight focusing optics (with numerical aperture, NA > 0.5).
Laser Setup and Samples
Femtosecond (fs) pulses were obtained from a setup of Ti:Sapphire oscillator ( Tsunami) with regenerative amplifier (Spitfire, both from Spectra Physics) operating at the 800 nm wavelength with pulse duration of tp = 130 + 10 fs at FWHM (100 + 10 fs from oscillator) at the repetition rate of 1 kllz. In experiments on holographic recording we used commercial As2S3 glass.
Pulse duration at different locations along the optical path and at the focus was measured by GRENOUILLE technique'° (Swamp Optics). This technique allows to record time x spectrum image of the pulse, and then, pulse duration (FWHM) was retrieved by the frequency-resolved optical gating (FROG) algorithm (Femtosecond technologies). To measure pulse duration at the focus, we used an additional solid immersion lens, which collects strongly divergent light before introducing it into the GRENOUILLE setup. Thus obtained time x spectrum image of the pulse was used to retrieve the pulse duration using FROG algorithm as described in more detail elsewhere.11 Pulse duration in the case of holographic recording setup, which had smaller amount of optical elements and a NA = 0.75 objective lens was about 160 + 15 fs (the measured pulse duration at the output of regenerative amplifier was 130 fs).
RESULTS AND DISCUSSION

Numerical Simulations of Multi-Beam Interference
The expected structures were calculated from the light intensity pattern, a hologram, created by the corresponding number of beams as given by:
where E is the light field amplitude, N is number of beams, k, ço are the wavevector and phase of the corresponding beam; while w is the cyclic frequency, r -the coordinate vector and t is for time. More details on calculated patterns were reported elsewhere." 15 
Evaluation of Axial Extent of Holograms
We recorded holograms by 4 and 5-beams in the bulk of As2S3 at irradiance which caused photo-darkening without optical breakdown. Two-photon absorption cross-section was measured by transmission'6 and found a2 74.6 x 10_50 cm4/s for 800 nm wavelength pulses of 150 fs. Confocal microscopy revealed that the thickness ( an axial extent) of holograms was only 10 -15 tim. Then, two-beam interference patterns, the gratings, were recorded for the measurement of thickness. The thickness of grating can be evaluated by measuring the measured angular dependence of diffraction efficiency with that calculated using Kogelnik's theory.'7 In case of As2S3, it was established that the refractive index n = 2.545 and that a photo-darkening is causing the zn =0.06 change of refractive index at a HeNe-laser wavelength.'8 The measured angular dependency of diffraction efficiency was compared with theoretical predictions shown in Fig. 1 , where the diffraction efficiency y = Id/li is defined via the ratio of the intensities at the jst diffraction order and that of incident beam. fit was calculated for the first minimum ( Fig. 1(a) ). We also used an immersion-oil with a cover glass on the output side of the sample in order to avoid full internal reflection as discussed in previous paragraph ( Fig. 1(b) ). agation, which are pronounced when a low-NA (< 0.2) optics is employed. Here, we define the optical damage as the macroscopic-structural modification (e.g., mass density change, nano-crack formation) at the focus. Let us call the quantitative measure of the damage in terms of pulse energy, fluence, or irradiance the light-induced breakdown threshold (LIDT). This is different from the photo-darkening, which is due to the micro-structural ( photo-chemical) changes in the S-atoms ordering. We carried out measurements of the optical damaging using tight focusing with an objective lens of NA = 1.07 at 10 m depth, where effect of spherical aberrations due to the refractive index mismatch and birefringence (if any) were small. This allows to avoid self-focusing and to determine the intrinsic, material-dependent, value of LIDT. Keeping the same focusing, we can compare the LIDT values in terms of pulse energy, which was directly measured at the entrance of the microscope. Though, an exact transmission of the microscope objective lens can be measured precisely using solid immersion lens ( SIL), here, the directly measured values of pulse energy at the entrance of microscope will be given instead. We carried out series of LIDT measurements on different materials in order to establish the differences and the material parameters which define the actual value of LIDT. Judgment on the LIDT threshold was carried out by an in situ observation of optical transmission. Any recognizable change in transmission was taken as a damage. Statistics of damage was measured, i.e., the percentage of successfully recorded voxels at different pulse energies for the 30 attempts was calculated by translating the sample for single-pulse recording. Thus determined values of LIDT had an error of 5% due to laser output stability.
Since the optically-induced breakdown is, in fact, ionization of the focal volume, let us compare the LIDT values with the bandgap energy. The bandgap of the most of transparent dielectrics: crystals and glasses is in a UV and VUV spectral region and it is customary to rely on the standard values of the bandgap since the direct measurement is not usually available. However, very different bandgap values can be found in literature, especially for glasses and amorphous materials. The measured LIDT values in crystalline dielectrics, fluorides, are shown in Table 3 .3. It is well established that for fluorides the bandgap can be expressed in universal form '9: EgXg, (2) where is the distance to the nearest neighbor (d = 2.36; 2.70 A in CaF2, BaF2, respectively), m is electron mass, h is the Plank's constant, and x9 9.1 is the compound dependent parameter. This equation represents the calculations of the bandgap structure by the linear combinations of atomic orbitals (LCAO) method taking into account only nearest neighbors. As one can see, the product E9 >< constant. Interestingly, we found that for several fluorides the product LIDT x d2 was indeed constant, where d represents the average distance between atoms (Table 3. 3). This product can be used as a figure of merit for evaluation whether the LIDT scales with Eg. The figure LIDT x d2 was constant in fluorides with high fidelity (< 5% distribution).
Residual Modifications of Materials at the Optical Damage Site
Before physical effects of optical damage are pronounced, such as cracking, void formation, and densification, formation of structural/compositional defects and chemical modifications take place at lower irradiance or fluence,20 usually, at 75 -90% of the threshold value. At irradiance slightly bellow dielectric breakdown when tightly focused high intensity pulses are implemented, the local temperature and pressure could be large enough to cause chemical changes or even phase transitions in crystalline materials. In addition, due to a small irradiated volume the thermal quenching should be fast and helps to "freeze" the modified state. As we reported earlier,2' photoluminescence of the defects induced in silica by optical damaging was different when the voxels were recorded by ps and fs-pulse. We found that the emission from voxels recorded by fs-pulses and afterwards annealed was similar to that from the ps-pulse recorded voxels. The photo-induced chemical modifications could find number of applications, e.g., in 3D optical memory. Since, material is not optically damaged it would maintain its mechanical properties. For example in silica the following transition occurs22: n x 5i02 (SiO) + On (3) at 2200°C. The refractive index of SiO is higher than that of Si02 by approximately 0.1 -0.2, which is large enough for waveguide formation. Intriguing property of SiO is that upon heating it will change into (SiO)2 == Si + 5i02. In theory, there is a possibility to reduce a Si phase in silica and, even more intriguing is the question ais: whether the formation of Si could be controlled to create nanoclusters of Si. Photo-darkeniug iu As253 is also a kind of photo-induced modification, which can be deleted by annealing. Similarly, photo-reduction of Sm3 ions in silica-alumina glass is another example of a thermally erasable photo-chemical modification. 23 
Nano-Fabrication by Ablation
Laser ablation is one of the methods to grow self-organized structures and to generate specific patterns on surfaces, e.g., ripples. Typical result of As253 ablation by 200 fs pulses of 800 nm wavelength at fluences larger than 5 J/cm2 was formation of fibers, which were from 20 to 200 nm in diameter and up to tens-of-mm long as shown in Fig. 2 . It appeared from SEM observations of ablated surfaces, that such fibers were pulled from the melt bath by the droplets, which resulted from a phase explosion of super-heated melt. However, the precise mechanism of fiber formations was not investigated during the ablation, but by a post mortem inspection using SEM. Some of fibers had the high-quality spherical beads of 1 -3 pm in diameter formed on them ( Fig. 2(b) ). Chemical analysis of fibers and microspheres, which sizes were 1 pm or larger, revealed that their composition was identical to the initial stoichiometry of As253 glass within uncertainty of 5%; while the smallest structures had up to 20% surplus of sulphur. Chemical elemental analysis was carried out on a field emission SEM (JEOL, JSM-6700FT) by an energy dispersion spectrometry (EDS). We measured the counts for the characteristic spectral regions of K-lines of S (2.18-2.43 key) and As (10.31-10.75 keV) for a 20 kV electron irradiation.
Fibers of sub-pm diameter show significantly larger tensile strength as was recently demonstrated in the case of silica,24 and has potential for nano/micro-mechanical applications as springs, levers, etc. Optical fibers of a sub-wavelength diameter can also act as waveguides, however requirements for their uniformity and roughness are very difficult to meet.24 On the other hand, the hollow conductive fibers of sub-wavelength diameter could be an alternative for the glass-fibers since the geometrical requirements for their uniformity are smaller. For fabrication of hollow conductive fibers, it is necessary to draw a fiber, to make it conductive by coating, and to empty the core, for example, by wet etching. This hypothetical fabrication route could be utilized to fabricate hollow fibers and the As253 glass could be used for templating the fibers by ablation. The wavelength of a guided mode in follow fiber, Ag, then can be expressed via the free-space wavelength, Ao , and the cutoff wavelength, A, 
